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(54) Optical signal processing 



(57) The phase of modulation of an 
optical signal (Pmlf >n particular 
intensity modulation, is controlled to a 
predetermined value by applying the 
signal in a predetermined power split 
ratio to an unbalanced fibre Mach 
Zehnder interferometer (10) which is 
sure that the signals applied to its 
output coupler (1 3) are tn-phase and 
quadrature (1, Q), the phase of the 
output signal Pout i being determined 
by the power split ratio. The 
predetercDjned power split ratio is 
achieved by causing an appropriate 
optical phase difference between the 
optica) signals in the arms (3, 4} of fibre 
Mach Zehnder interferometer (1). If 
required the amplitude of the phase 
controlled Pout i signal can be 
controlled by a third fibre Mach 
Zehnder interferometer (17). 
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SPECIFICATION 

Optical signal processing 

5 This invention relates to optical signal processing 
and in particular, but not exclusively, to the control 
of the phase cf an intensity modulated signal. 

In phased array radar systems there are a matrix of 
antenna elements which are driven at microwave 

10 frequencies with different phase relationships for 
steering of the antenna. If there are a large number 
of antenna elements there are practical problems 
associated with the separate waveguides required 
for ail the different antenna elements. Optical beam 

15 steering phased array systems have thus been 
suggested since they require only a single micro- 
wave power feed and a plurality of optical fibres. 
One arrangement requires that a light source is 
intensity modulated at microwave frequencies and 

20 its phase be electrically controllable. Various solu- 
tions have already been proposed, many requiring 
sophisticated integrated optic technology. 

According to one aspect of the present invention 
there is provided a method of controlling the phase 

25 of modulation of an optical signal by means of first 
and second fibre iVIach Zehnder interferometers 
arranged in series, the method comprising the steps 
of applying the modulated optical signal to the first 
interferometer, operating the first interferometer 

30 whereby to obtain a predetermined power split ratio 
between the optical signals applied to the second 
interferometer, and causing the optical signals ap- 
plied to the output coupler of the second interfero- 
meter to be in-phase and quadrature respectively, 

35 the output of said coupler being at a phase deter- 
mined by the predetermined power split ratio. 

According to another aspect of the present inven- 
tion there is provided apparatus for controlling the 
phase of modulation of an optical signal comprising 

40 first and second fibre Mach Zehnder interferometers 
arranged in series, the first interferometer being 
such that in use an input modulated optical signal is 
supplied thereby to the inputs of second interfero- 
meter with a predetermined power split ratio there- 

45 between, and the second interferometer being such 
that the optical signals applied to its output coupler 
are in-phase and quadrature and the output of the 
coupler is at a phase determined by the predeter- 
mined power split ratio. 

50 Embodiments of the invention will now be de- 
scribed with reference to the accompanying draw- 
ings, in which: 

Figure 7 illustrates schematically a series arrange- 
ment of three fibre Mach Zehnder interferometers , 

55 and 

Figure! illustrates variations in output signal 
amplitude with phase. 

As mentioned above the conventional optical 
beam steering phased array radar systems typically 

60 employ integrated optic technology. The solution we 
propose however is capable of being implemented 
using optical fibre based components. This has the 
advantage of low loss. The fibre itself is very low loss 
and fibre to fibre interfaces have very low loss when 

65 compared with interfacing to other material tech- 



nologies. An additional advantage is that the techni- 
ques proposed are ail realisable now. 

The proposed method makes use of the well 
known "X and Q" technique for producing any desired 
70 phase shift by summing two components of a signal 
which are of different amplitude and in-phase and 
quadrature, respectively, the phase shift achieved 
being dependent on the ratio of the splitting of the 
signal power between the two components. In an 
75 optical beam steering phased array radar system 
application of the method, although this is notthe 
only possible application, the system operates at a 
high modulation frequency (—lOGHz) but it is only 
required to operate over a small frequency range 
80 (fractional bandwidth) so that the provision of a 90' 
(-17/2) phase shift to achieve the in-phase and quadra- 
ture components may be achieved by the introduc- 
tion of an optical delay line. The remaining problems 
are how to provide an electrically variable coupling 
85 ratio and how to combine the delayed and unde- 
layed (in-phase and quadrature) signals without 
producing undesirable optical interference at this 
point. It is undesirable as small fractional changes in 
optical frequency could cause larger fluctuations in 
90 the output signal and such frequency fluctuations 
may be unavoidable. 

We propose that the variable ratio (power split 
variation) is provided by a balanced path length 
optical fibre Mach Zehnder interferometer 1 (ba- 
95 lanced interferometer) (Figure 1 ) with an optical 
phase shift control 2 in one (as illustrated), or both, 
of the fibre armsj^ndjj. Optical power Pin is input to 
one port of a c oupler/combinerfS^ y for example 
intensity modulatmg at micrdWave frequencies the 

100 output of a light source (not shown), for example a 
semiconductor laser. A it change in optica! phase 
between the two fibre arms of the interferometer will 
cause the output to move from one output port to 
the other of an output coupler/combiner 6, and any 

105 ratio of power split may be obtained by intermediate 
values of optical phase shift. The balance require- 
ments are, firstly, that the delay difference between 
the fibre arms is less than the source coherence 
time, if not then incomplete extinction will occur, 

110 limiting the range of split ratios that can be obtained, 
and, secondly, that the delay difference be sufficient- 
ly small that unwanted fluctuations in source fre- 
quency should cause negligible intensity noise in the 
output. An unbalanced interferometer is a frequency 

115 discriminator or FM to AM converter with sensitivity 
proportional to path difference. 

There is an additional requirement that the polar- 
isation states at the output coupler/combine/^e 
identified, otherwise this too will limit tfTe"possible 

1 20 extinction and range of split ratios. This requirement 
may be met be the inclusion of a respective polarisa- 
tion controller 7 and 8 in each of the fibre arms 3 and 
4. If it is not possible to maintain extinction for any 
input state of polarisation, then an additional potar- 

1 25 isation controller 9 may be employed at the input to 
pre-adjust the input state. 

The necessary optical phase control is achieved by 
a corresponding change in optical path length of the 
fibre arm 4. This may be provided by a conventional 

1 30 piezo-electric fibre stretcher, such as a PZT modula- 
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tor for example winding fibre around a PZT cylinder 
for controiiing phase a large amount, or glueing a 
fibre onto a PZT disc for a small amount. Any 
method which results in stretching of the fibre in 

5 response to an electrical signal may be employed, 
another example being the use of magneiostrictive 
materials and bonding the fibre to a strip thereof. 

The aforementioned delaying of one optical signal 
component and combining of the resultant inphase 

10 and quadrature optical signals is achieved by means 
of an unbalanced optical fibre Mach Zehnder inter- 
ferometer 10. The delay difference may easily be 
achieved by use of different lengths of fibres in the 
arms 1 1 and 12 between the couplers 6 and 13, This 

15 may be fine tuned if desired by heating and stretch- 
ing one or other of the fibres to ensure that the 
combining coupler 13 is accurately fed with inphase 
(I) and quadrature (Q) components. 

In Figure 1 the delay (t) is indicated by a compo- 

20 nent 14, which may for example add an extra 20 or 
30cm of fibre. In the interferometer 10 the optical 
signals are required to be combined incoherently. 
This may be achieved by either or both of the 
following two ways. The first way involves ensuring 

25 that the states of polarisation of the two isignals to be 
combined are orthogonal. This can be achieved 
using polarisation controllers 15 and 16 in the fibre 
arms. Alternatively, if high birefringence (polarisa- 
tion maintaining) fibre is used, then the polarisation 

30 controllers may be omitted, but it is necessary to 
couple the light source into a principle axis of the 
fibre, and it is necessary to ensure, for example, by 
fibre joint rotation, that the axes are aligned for 
interferometer 1 and orthogonal for interferometer 

35 1 0. The second way is by ensuring that there is 

minimum mutual optical coherence between the two 
signals to be combined. This can be achieved by 
using a source with a coherence time significantly 
less than the delay t or by using a multimode source 

40 such that t falls between coherence peaks. Another 
possibility is to intensity modulate the source to 
produce pulses of length less than t and spacing 
greater than t, thus ensuring zero coherence over a 
delay of t. 

45 The overall system including interferometers 1 
and 10 requires modulation with a period of 4t if the 
effect required {phase control of the intensity mod- 
ulated optical signal) is to be obtained with an 
intensity modulation waveform whose duty cycle is 

50 less than 25% with full extinction. Subsequent 
electrical filtering of the output would eliminate all 
except the wanted fundamental component. 

The system described so far enables the phase of 
the intensity modulated optical signal to be fully 

55 controlled, however, the output signal amplitude will 
vary from a maximum at 0' and 90' phase shift, to a 
minimum of MyfT of the maximum at 45' since 
inphase and quadrature components are being 
added (see Figure 2). If this amplitude variation is too 

60 great it may be made negligible for example either 
. by controlling the source modulation depth to 
compensate or by introducing a third optical fibre 
Mach Zehnder interferometer (balanced) 17 which 
can be used to control the output amplitude by 

65 operation in a similar manner to the interferometer 



1. The interferometer 17 is part of a mean power 
control loop indicated within dashed box 18. The 
power output from one port 19 of interferometer 17 
is detected by detector 20 and amplified by differen- 

70 tial amplifier 21 whose output is employed to control 
the optical phase of the optical signal in arm 22 and 
thus the relative splitting between the two output 
parts 23 and 19. Rgure 2 illustrates the power 
outputs Pout 1 and Pout 2 at ports 24 and 23, 

75 respectively, versus phase shift 9. The abscissa is 0 
to tt/2 for r.f. phase or 0 to tt for optical phase (in 
interferometer 1). If polarisation controllers are 
employed in interferometers 1 and 10 they will also 
be required in interferometer 17 as indicated at 25 

80 and 26. The interferometer 17, enables the output 
power to be held constant and also for it to be 
controlled, if so desired. 

The operation of the system comprising interfero- 
meters 1 and 10 can be summarised as follows. The 

85 input coupler 5 serves to split the intensity mod- 
ulated optical power input Pin into two components 
which each pass along a respective one of the fibre 
arms 3 and 4 of interferometer 1 . Depending on the 
electrical signal applied to the PZT modulator 2 a 

90 change in optical phase between optical signals in 
fibre arms 3 and 4 is achieved, with corresponding 
changes in how the optical power is split between 
the fibre arms of interferometer 10. In one phase 
condition all power will pass along one fibre, in 

95 another all power will pass along the other fibre and 
in an intermediate phase condition the power will be 
split 50% along each line. The component 14 then 
introduces a delay into the one optical signal passing 
along that line so that the optical signals at the 
1 00 output end of interferometer are then of different 
power, one in-phase and one in quadrature. Thus by 
controlling the optical phase at interferometer 1 one 
can control the phase (electrical) of the output 
intensity modulated optical signal. 
105 Whereas the above description is concerned with 
controlling the phase of intensity modulation of an 
optical signal the arrangement may be employed to 
control the phase of any form of modulation. 

110 CLAIMS 

1 . A method of controlling the phase of modula- 
tion of an optical signal by means of first and second 
fibre Mach Zehnder interferometers arranged in 

115 series, the method comprising the steps of applying 
the modulated'optical signal to the first interfero- 
meter, operating the first interferometer whereby to 
obtain a predetermined power split ratio between 
the optical signals applied to the second interfero- 

120 meter, and causing the optical signals applied to the 
output coupler of the second interferometer to be 
in-phase and quadrature respectively, the output of 
said coupler being at a phase determined by the 
predetermined power split ratio. 

125 2. A method as claimed in claim 1 wherein the 
phase of intensity modulation of the optical signal is 
controlled. 

3. A method as claimed in claim 2 wherein the 
operation of the first interferometer comprises ad- 
130 justing the relative optical phase of the optical signal 
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portions in the two arms of the interferometer. 

4. A method as claimed in claim 3 wherein the 
first interferometer is balanced and the relative 
optical phase is adjusted by stretching one of the 

5 fibre arms of the first interferometer. 

5. A method as claimed in claim 4, wherein the 
stretching is achieved by a PZT modulator. 

6. A method as claimed in any one of claims 2 to 
5, wherein the step of causing the optical signals to 

lO be in-phase and quadrature comprises delaying the 
optical signal in one arm of the second interfero- 
meter. 

7. A method as claimed in claim 6 wherein the 
second interferometer is unbalanced and the delay is 

15 obtained by virtue of an optical delay line compris- 
ing an extra length of fibre in the one arm. 

8. A method as claimed in any one of claims 2 to 

7 and wherein polarisation controllers are disposed 
in both fibre arms adjacent to the output couplers of 
both the first and second interferometers. 

9. A method as claimed in any one of claims 2 to 

8 including the step of controlling the amplitude of 
the phase controlled intensity modulated optical 
signal. 

TO. A method as claimed in claim 9 wherein the 
amplitude controlling step comprises applying the 
output of the second interferometer to a third, 
balanced, fibre (Vlach Zehnder interferometer and 
operating the third interferometer whereby to con- 
30 trol the amplitude in a predetermined manner. 

11. A method as claimed in claim 2 wherein the 
second interferometer is unbalanced and wherein to 
suppress coherent interference at its output coupler 
the optical signal portions applied thereto are 

35 caused to be of orthogonal polarisations. 

12. Apparatus for controlling the phase of mod- 
ulation of an optical signal comprising first and 
second fibre Mach Zehnder interferometers 
arranged in series, the first interferometer being 

40 such that in use an input modulated optical signal is 
supplied thereby to the inputs of second interfero- 
meter with a predetermined power split ratio there- 
between, and the second interferometer being such 
that the optical signals applied to its output coupler 

45 are in-phase and quadrature and the output of the 
coupler is at a phase determined by the predeter- 
mined power split ratio. 

13. Apparatus as claimed in claim 12 and for 
controlling the phase of intensity modulation of the 

50 optical signal. 

14. Apparatus as claimed in claim 13 wherein the 
first interferometer includes means to control the 
relative optical phase between the signals in its arms 
and thus the power split ratio. 

55 15. Apparatus as claimed in claim 13 or claim 14 
wherein the second interferometer includes an optic- 
al delay line in one arm whereby to provide the 
quadrature optical signal. 

16. Apparatus as claimed in claim 15 wherein the 
60 second interferometer is unbalanced and the optical 

delay line comprises an extra length of fibre in the 
one arm. 

17. Apparatus as claimed in claim 13 wherein the 
second interferometer is unbalanced and wherein to 

65 suppress coherent interference at its output coupler 



means are provided whereby the optical signal 
portions applied thereto are of orthogonal polarisa- 
tions. 

18. Apparatus as claimed in any one of claims 13 
70 to 17, further including means to control the ampli- 
tude of the phase controlled intensity modulated 
optical signal. 

19. Apparatus as claimed in claim 18 wherein 
said amplitude controlling means comprises a third 

75 fibre Mach Zehnder interferometer in series with the 
second interferometer, 

20. A method of controlling the phase of intensi- 
ty modulation of an optical signal substantially as 
herein described with reference to the accompany- 

80 ing drawings. 

21 . Apparatus for controlling the phase of inten- 
sity modulation of an optical signal substantially as 
herein described with reference to the accompany- 
ing drawings. 
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